Timber joints represent the governing part of a timber structure, particularly when assessing its 12 seismic response. In order to better assess the seismic capacity of traditional timber frame 13 structures, particularly timber-framed shear walls, pull-out and in-plane cyclic tests were carried 14 out on their joints (half-lap joints). The aim is to better understand the influence of the joints on 15 the walls and their influence on failure mechanisms and capacity. 16
Introduction

32
Timber frame construction is a popular constructive technique that is typical of many historic city 33 centres worldwide. They became popular both for their cheap and easy construction in areas 34
where wood was abundant (North America, Scandinavia, UK) and for their good seismic 35 performance (e.g. Portugal, Italy, Greece, Turkey, Peru), as timber frame walls act as shear walls. 36
While they are recognised as an important world cultural heritage, only recently some restoration 37 efforts have been made and in general many buildings have been abandoned for decades. 38
Another issue that concerns these structures is that modifications have been made in many cases 39 without taking into account the new structural response of the structure and without considering 40 concepts such as reversibility or re-treatability. for vertical elements (Chang 2015) and their connections in particular. In this paper, a contribution 72 is given to the better understanding of the behaviour and the retrofitting of traditional connections 73 for vertical elements subjected to seismic actions. 74
Timber frame walls general behaviour and the importance of their
connections
76
As already mentioned, different studies showed that the seismic performance of traditional timber 77 frame walls depends mainly on their connections. To experimentally study the seismic response of 78 traditional Portuguese timber frame walls, typical of the so called Pombalino buildings (Cóias 79 bracing elements were simply nailed to the main frame. In general, the walls displayed a good 82 capacity and ductility. Results greatly depended on the level of vertical pre-compression and on the 83 presence of infill, which could alter the response of the wall from a shear one to a flexural one. 84 2 Experimental campaign on half-lap joints 95 An experimental campaign on traditional joints used in Portuguese timber frame walls was carried 96 out in order to better study their behaviour, since they are the key elements of the walls. In order to 97 do this, a significant connection of the wall tested was selected, namely the bottom half-lap joint 98 which is a tee halving joint and therefore weaker than a cross halving joint. This choice was made 99 For simplicity purposes, the influence of infill was not taken into account in these tests, even 122 though it has an important confining effect on the timber frame and adds stiffness and strength to 123 the frame . The non-consideration of the infill represents the most 124 unfavourable condition, since the connection is weaker without infill. 125
The specimens were built with the same type of wood as the walls, Pinus pinaster. A wire nail 126 (4.5 mm x 10 mm) was inserted in the centre of the connection, similarly to what was done in the 127 connections of the walls . 128
Set-up and test procedure
129
Two types of tests were performed on traditional joints: (1) pull-out tests and (2) in-plane static 130 cyclic tests. This choice is justified by the fact that, during the tests performed on the walls there 131 was a tendency for the bottom connections to uplift, particularly in infill walls (Poletti and 132 Vasconcelos 2015). Therefore, it was decided to test the uplifting capacity of the connections in the 133 unreinforced and retrofitted condition. To do this, the beam of the connection was anchored to a 134 steel profile which was linked to the reaction floor. The post was pulled-out by means of a hydraulic 135 actuator which was linked through a hinge at the top of the post by means of a U profile gripping 136 the post with four 12mm rods (Fig.3) . Notice that, in order to prevent failure at the top gripping 137 device, GFRP sheets were glued to strengthen the zone. 138
A total number of 4 specimens was used for these tests (Table 1) Two vertical loads were considered during the tests, one of 25kN and one of 50kN. The horizontal 150 load was applied by means of a hydraulic actuator with the aid of two 2-dimensional hinges in 151 order to allow rotations during the test (Fig. 3) . 152 153 (Poletti 2013) , confirms what was observed experimentally in the walls, for 160 which the maximum uplift of the posts was approximately 50mm. Since no standard is available for 161 pull-out tests, keeping in mind this ultimate displacement, it was decided to adopt 6 steps going 162 from 10% to 100% of the ultimate displacement, introducing also stabilisation cycles. 163
Four pull-out tests were performed on unreinforced half-lap connections. The specimens were 164 designated as URTx, standing for unreinforced timber connection followed by the number 165 identifying the specimen (Table 1) . 166 The NSM technique proved to be efficient for the retrofitting of walls . This 196 technique is widely used to strengthen beams and slabs and is used in this case to retrofit vertical 197 elements against horizontal actions. Steel rods of class 8.8 with a diameter of 10mm were used 198 both in the horizontal and vertical direction (Fig. 4) , forming a cross . were type VGZ9200 (Rothoblaas, 2012) . 235
Due to lack of specimens and time, only one specimen was adopted for each retrofitting 236 solution and each load level. From past experience with these types of retrofitting, the 237 scatter is minimal and therefore the single tests should be able to predict the joint 238 behaviour sufficiently accurately. 239
For the in-plane cyclic tests, various cracks were present in the notched part of the posts from 240 early values of drifts and, on two occasions, total failure of that part occurred. Since applying the 241 strengthening on such damaged part could alter its efficiency, it was decided to cut out the 242 damaged part of the post and replace it with a prosthesis, since in an existing structure it is not 243 always possible to substitute an entire element. To apply the prosthesis, different solutions could 244 be adopted: the new piece of wood could be simply glued or glued-in rods could be used to restore12 continuity. The latter technique is used for example in restoration projects of historic structures 246 (Tsakanika and Mouzakis, 2010). This solution, though, is highly invasive and already a 247 strengthening per se. Moreover, it makes the application of some of the retrofitting solutions 248 foreseen impossible, such as NSM steel rods or even steel plates, since the screws and bolts 249 could come into contact with the rods. 250
For the purpose of the tests it was decided to adopt a simpler solution, i.e. a glued prosthesis, 251 taking out a bigger part of the damaged post and creating an S shape contact connection by gluing 252 the two pieces ( Figure 6 ). Moreover, to improve adherence, two screws (VGS9160 (Rothoblaas 253 2012) with a diameter of 9mm and a length of 160mm) were used to better link the two 254 elements of the post. The idea was to re-establish the continuity of the post. In this way, it was 255 possible to apply all retrofitting techniques. The timber used to build the prosthesis was the same 256 one used for the original specimens, while the structural timber glue used was the same adopted 257 Analysing a typical hysteretic diagram of the response of the joint (Fig. 7a, specimen URT3) , it is 271 seen that the diagram is characterised by a high initial stiffness and an early non-linear behaviour. 272
In the unloading branch, the connection has an immediate loss of strength and then acquires 273 compression forces. This is associated with the reaction to the re-entering of the post to its original 274 position in the beam, due to the plastic deformation developed in the nail. On the other hand, the 275 reloading branches present a high amount of pinching, caused by the crushing of the wood 276 surrounding the nail and consequent increasing gaps. Significant strength degradation is 277 observed during the tests. This phenomenon is not only observed between two successive steps, 278 but also in the stabilisation cycles. These two characteristics (pinching and strength degradation) 279 were observed in the cyclic behaviour of timber frame walls without infill, as the behaviour of the 280 connections affect the response of the wall . In timber frame walls, 281 the unloading branch was characterised by the same high strength degradation observed in the 282
connections. 283
Considering the out-of-plane opening of the connection measured in correspondence of the nail 284 as the relative opening between the post and the fixed beam (Fig. 7b) , it is observed that the 285 connection remains closed as the post is being pulled, with the existing gaps eliminated. During 286 unloading, due to the difficulty for the post to reach its original position due to the plastic 287 deformation of the nail and its impossibility to re-enter the beam, the connection exhibits increasing 288 opening values for increasing vertical uplift levels, and thus for a higher deformation of the nail. 289
This behaviour was also observed during the wall tests . Even though the general behaviour of the specimens was similar, it was noticed that the maximum 296 load and stiffness of the connection depended greatly on its level of interlocking, as can be seen 297 from the variation of the envelope curves presented in Figure 7a for the remaining 298 specimens. It was observed that for high gaps present in the connection, the load capacity of the 299 connection decreased and the out-of-plane opening progressed more rapidly. 300 Comparing the envelope curves of the tested specimens (Fig. 7a) , it can be noted that specimen 306 URT3 reached a maximum load of 5.07kN, whereas URT2 only reached 2.79kN, meaning that the 307 resistance decreased by 45%. Moreover, the two specimens with the higher gaps (URT2 and 308 URT4) failed earlier, since the nail pulled out of the beam at the first cycle of the step of 50mm, 309 contrarily to what happened in the other specimens. 310
When the flexural behaviour predominates in the lateral response, it can be concluded that the 311 non-linear behaviour of the bottom connections influences the overall behaviour of the walls: (1) 312 the unloading of the walls is influenced by the difficulty of the post to recover its original position 313 due to the plastic deformation of the nail and it corresponds to the plateau characterising the 314 unloading branch of the force-displacement diagram (Fig. 1); (2) the same deformational features 315 were observed in the walls and, as the vertical uplift increased, the stiffness of the wall decreased, 316 accentuating its rocking behaviour; (3) the pinching behaviour observed in the joints is then 317 observed in the wall response. 318 Similarly to what was observed in the tests performed on walls, the out-of-plane opening of the 345 joint played an important role on the cyclic results, particularly in regards to maximum strength 346 and stiffness; it varied among the tests depending on the level of interlocking (Fig. 8c) . The 347 increase in opening with increasing values of drift is approximately linear and it becomes significant 348 only for displacement levels higher than the yield displacement. For the higher vertical load, the 349 out-of-plane opening was lower (Fig. 8b) ., as the compression stresses in the post are higher, 
In-plane cyclic tests
Pull-out tests
360
Results on retrofitted pull-out tests demonstrated that even the simplest retrofitting technique can 361 help in decreasing the level of uplifting of the connection. Depending on the type of strengthening, 362 the connections showed a great increase of initial stiffness and maximum load capacity, and the 363 failure modes changed completely, sometimes being extremely brittle. 364
Retrofitting performed with GFRP sheets had a very high initial stiffness and reached its maximum 365 capacity (15 times greater than that of the unreinforced specimen) for a low value of vertical uplift. 366
The failure occurred in two phases: The envelope curve presents two peak values: (1) sudden 367 debonding of the vertical sheet that was strengthening the connection on the side where the post is 368 discontinuous; (2) after this point, the strengthening on the other side of the connection ensured 369 some strength and stiffness, and it was actually able to recover some strength (Fig. 9) . Debonding 370 of the horizontal sheet continued until total failure of the fibres. 371
Strengthening executed with self-tapping screws was the least invasive on the connection, being 372 able to greatly improve its strength (6 times over) and stiffness without showing a brittle failure, but 373 actually being able to ensure a post-peak softening behaviour and therefore a great capacity to 374 dissipate energy. For this retrofitting solution, failure was mild, since the damage was progressing 375 throughout the test, with pulling out of the screws, causing slight damage to the beam. After the 376 peak load, the cyclic movement of the screws caused grain disorganization. Moreover, at the 377 end of the test, plastic deformations of the screws were observed. Notice that this test is 378 characterised by severe pinching, typical of dowel-type connections. Self-tapping screws have 379 proven to be effective in the strengthening of beams and connections for shear stresses and 380 stresses perpendicular to the grain (Dietsch and Brandner 2015) . 381 382 Fig. 9 Envelope curves of pull-out tests on retrofitted specimens and damage. 383
384
Considering the test performed with steel plates (Fig. 10) , the maximum load capacity exceeded 385 the maximum load recorded in the unreinforced tests by over 46 times. Moreover, the stiffness of 386 the connection increased greatly and a good post-peak behaviour was observed, since the steel 387 plates were able to ensure a good residual strength even after peak load. For this case too, 388 pinching plays an important role, particularly after peak load is attained. In fact, elongations of the 389 steel plates were observed during the test, meaning that the bolts inserted in the connection 390 ovalized the hole. At the end of the test, most of the screws on the post failed in shear, whereas 391 the bolts deformed plastically. 392 The connection retrofitted with NSM steel rods had a very high initial stiffness and no deformations 396 were observed on the steel rods. Unfortunately, it was not possible to complete the test, as a 397 problem occurred with the control LVDT. Nonetheless, the solution showed a good potential for it 398 to be used in walls without failing due to insufficient anchorage length . 399
Comparing the results of the different retrofitting solutions adopted (Fig. 9) , two clear trends can be 400 seen: (1) a very high initial stiffness is guaranteed by the strengthening with GFRP and NSM 401 leading to a brittle failure for the former and (2) the increase in stiffness is not as severe (but still 402 large) and a more ductile behaviour is observed in connections strengthened with self-tapping 403 screws and steel plates. The latter constitute solutions characterised by a greater dissipative 404 capacity. Brittle failure should be avoided, but it is possible that in a wall, where all connections are 405 participating, the behaviour can be different. A further investigation would be required. 406
In-plane cyclic tests
407
The analysis of the results obtained in the in-plane cyclic tests on the connections show that their 408 mechanical behaviour is greatly influenced by the condition of the prosthesis. Early failure of the 409 prosthesis was observed for all specimens, indicating that the continuity of the post was not 410
guaranteed. 411
Considering the specimens retrofitted with GFRP sheets, the strengthening was able to increase 412 both initial stiffness and maximum load capacity for both vertical pre-compression levels by 43% 413 and 52%, respectively. However, this behaviour was observed only up to a certain value of drift, 414 after which the prosthesis failed, the lower part of the post remained vertical, whereas the upper 415 part was rocking around the screws. This occurred for both load levels and pointed to the 416 weakness of the prosthesis adopted. In fact, the prosthesis and its connections to the post 417 was weaker and presented a lower stiffness than that of the retrofitting solution applied and was 418 not able to promote the continuity of the post. 419
In case of retrofitting with steel plates submitted to lowest pre-compression load level an increase 420 of 40% and 21% was observed for the maximum load for the lower and higher vertical level, 421 respectively (Fig. 11) . Note that CYC25 and CYC50 represent the average envelope curves of 422 the four specimens tested respectively for the lower and higher vertical load. When the 423 prosthesis failed the upper part of the post was simply rocking. However, for the higher level of pre-424 compression, this trend was not observed. In this case the post bended and deformations related 425 to buckling were also observed in the steel plate (Fig. 11) , similarly to what happened in the wall 426 tests (Poletti et al. 2014) . 427 428
Fig. 11 Hysteretic diagrams of retrofitted tests: steel plates retrofitting 430 431
To avoid failure of the prosthesis, the specimens retrofitted with NSM steel rods were tested 432 directly with the higher vertical load (50 kN). Nevertheless for this kind of strengthening the 433 prosthesis failed even for the higher pre-compression level. After experiencing an increase in load 434 of 34%, the lower part of the post once again stopped contributing for the resisting mechanism. 435
This was due to the fact that NSM retrofitting stiffens the post more and the high difference in 436 stiffness between the two parts of the post caused the prosthesis to fail even for the higher vertical 437 load. 438
Aiming at preventing this undesirable behaviour, commercial steel plates were screwed laterally to 439 the post, linking the two parts in order to guarantee continuity. With this procedure, a better 440 continuity was obtained, even if the post was still not completely monolithic. With this solution the 441 maximum load increased by 45% in the positive direction and by 24% in the negative one, whereas 442 the initial stiffness remained approximately the same, since the addition of the steel plates 443 influenced only the continuity of the post, but not the stiffness of the connection (Fig. 10) . 
Initial and cyclic stiffness
460
In this section the normal and lateral stiffness are calculated based on the pull-out and cyclic tests. 461
The initial stiffness, , is calculated according to European Standard ISO 21581 (2010), i.e. 462 considering the ratio between 30% of the maximum load reached and the displacement between 463 40% and 10% of the maximum load (Eq. 1). 464
(1) where and are the displacement values measured on the envelope curve at 40 465 and 10% of the maximum load ( ) respectively. 466
467
The cyclic stiffness, used to evaluate the stiffness degradation experienced by the walls, is 468 calculated for each cycle as the slope of the line connecting the origin with the two points of 469 loading corresponding to the maximum positive and negative displacements. 470
Pull-out tests 471
All unreinforced connections presented low values of initial stiffness with some variation among the 472 results; the average value of stiffness is 3.94 kN/mm with a coefficient of variation (C.O.V.) of 24%. 473
As already mentioned, this is due to the level of interlocking in the connection, since some 474 specimens presented large gaps, which depends greatly on the workmanship of the carpenter. 475
All retrofitted specimens presented very high values of initial stiffness. With this respect, it should 476 be noticed that the specimen strengthened with the NSM technique cannot be considered as the 477 final one, since the maximum load was not reached. Steel plates presented the lowest value of 478 initial stiffness (14.96 kN/mm) followed by self-tapping screws (67.96 kN/mm), while GFRP sheets 479 provided a high stiffness (128.53 kN/mm). 480
Self-tapping screws are driven into the timber elements and they tighten the connection, since they 481 create their own precisely fitted hole, therefore possible gaps between the post and the beam, 482 which influence the vertical uplift, are eliminated and the contact of the horizontal interface is 483 improved, as well as the friction of the vertical interfaces. In the case of strengthening with steel 484 plates holes have to be drilled to accommodate the bolt, therefore small gaps could be created 485 decreasing the initial stiffness of the connection. This is one of the advantages of self-tapping 486 screws, since they allow a direct entrance of the element ensuring a perfect adherence to the 487 material. The strengthening with GFRP sheets led to a high initial stiffness, but its failure was quite 488 brittle. 489
As far as stiffness degradation is concerned, all unreinforced connections presented a similar 490 logarithmic trend. In this case, specimens with higher gaps exhibited the highest degradation in 491 stiffness, pointing out the importance of good interlocking in the connection (Fig. 13a) . 492
Apart from the specimen retrofitted with steel plates, all the other retrofitted connections had a 493 similar trend in terms of stiffness degradation (Fig. 13b) . Even though the specimen retrofitted 494 with steel plates presented the lowest initial stiffness, its degradation was the slowest and at the 495 end of the test its residual stiffness was almost the double of the solution adopting self-tapping 496 screws. were obtained for both vertical load levels, contrarily to what observed in timber frame walls, for 506 which a higher vertical pre-compression resulted into a higher initial stiffness. 507
All types of strengthening increased the values of initial stiffness of the connections with the 508 exception of already damaged specimens. The strengthening with GFRP increased the initial 509 stiffness by 45% and 44% for the lower and higher vertical load, while steel plates increased the 510 initial stiffness by 103% and 58% for the lower and higher vertical load respectively. NSM 511 retrofitting increased the value of initial stiffness by 75%. 512
Taking into consideration the cyclic stiffness degradation, the unreinforced specimens presented a 513 similar trend in stiffness degradation and the values did not vary greatly for the two load levels (Fig.  514   14) . The stiffness degradation of retrofitted connections was heavily influenced by the prosthesis and 521 by the previous damage. For the lower vertical load level, the damaged connections had the same 522 cyclic stiffness as the unreinforced specimen throughout the test (Fig. 14) . Only the steel plate 523 retrofitting produced an increase the values of cyclic stiffness and, after the prosthesis failed, the 524 stiffness became similar to the one recorded in the unreinforced specimen. The GFRP 525 strengthening applied on a specimen with prosthesis increased the values of cyclic stiffness only 526 slightly prior to the failure of the prosthesis. 527 For the higher vertical load level, all retrofitting solutions had an increase in cyclic stiffness (Fig.  528   14) , although it quickly degraded as the prosthesis became ineffective. The specimen retrofitted 529 with NSM rods and additional steel plates to make the prosthesis effective, showed higher values 530 of cyclic stiffness and a higher residual stiffness indicating that, with an appropriate prosthesis or 531 even in an undamaged connection, the retrofitting solution should behave appropriately. The other 532 connection where the prosthesis partially worked (steel plates) showed a similar rate of 533 degradation. For all connections, the degradation trend was approximately linear. 534
Energy dissipation and viscous damping 535
The dissipative capacity of the connections was also analysed. This issue is of great importance 536 since the walls dissipate energy mainly through their connections and it allows the contribution 537
given of retrofitting technique to be clearly understood. The energy dissipated in each cycle is 538 computed by calculating the area enclosed by the loop in the load-displacement diagram. The 539 energy dissipated in subsequent cycles is added as drift progresses. 540
Equivalent viscous damping is calculated according to Eq. 2 (Magenes and Calvi 1997): 541
where E d is the dissipated hysteretic energy and E e + and E e -are the elastic energies of an 542 equivalent viscous system calculated at maximum displacement for each direction of 543 loading. 544 545
Pull-out tests 546
The dissipated energy during pull-out tests carried out on unreinforced specimens was minimal, 547 especially for connections with inadequate interlocking, meaning that friction does not play a role in 548 the dissipation of energy. 549
The dissipated energy increases considerably once strengthening against uplifting is applied (Fig.  550   15a) . The stiffer solutions greatly increased the dissipative capacity of the connections. The most 551 effective dissipative strengthening technique is the steel plates solution, which increases the 552 energy dissipation by over 8 times. It is not possible to give indications on NSM retrofitting, since it 553 was not possible to complete the test. Retrofitting with screws was able to promote a good 554 dissipative capacity of the connection, with an increase of 175% in relation to unreinforced 555 specimen. The strengthening with GFRP leads to a good dissipative capacity for low values of 556 uplift, but after failure the energy dissipation is lower than the value found for the equivalent 557 unreinforced connection. Therefore, it is evident that brittle failures should be avoided, since the 558 strengthening becomes inefficient. 559 For retrofitted connections pinching plays an important role (Fig. 15b) . In fact, connections 568 retrofitted with screws presented the higher values of damping (0.28), as the effect of pinching was 569
less severe than what observed for example in case of retrofitting with steel plates, for which 570 energy dissipation was diminished by pinching, decreasing its ratio with input energy, and the 571 value registered throughout the test was approximately 0.18. 572 573 particularly for retrofitting performed with screws. It is however difficult to associate these results to 575 walls, since the dissipative capacity of the walls depends on all connections. 576
In plane cyclic tests 577
In case of the connections tested under in-plane cyclic lateral loading, the unreinforced specimens 578 with higher strength were able to dissipate more energy (Fig. 16a) . In general, specimens tested 579 with the higher pre-compression level were able to dissipate more energy, in average 29% more. 580
Considering the retrofitted connections, all solutions were able to improve the dissipative capacity 581 of the joint (Fig. 16a) . The failure of the prosthesis influenced the results, as it is clear that energy 582 dissipation was greater for specimens where the prosthesis was more efficient (i.e. steel plates 583 with higher vertical load and NSM with lateral plates). All joints tested present increasing values of viscous damping ratio (Fig. 16b) . The retrofitted 589 connections generally did not overly improve viscous damping, but results are to be taken with 590 caution since the prosthesis failed. 591 6 Influence of joint response on wall behaviour 592 Correlating results extracted from joint tests to the global behaviour of a timber frame wall is 593 complex, since the latter has a set of connections all interacting with each other and the joint tested 594 is only representative of some of these. However, some observations can be made. 595
Similar crack patterns to those registered at the joints tests were observed at the bottom joint of the 596 walls; vertical cracks would appear at these connections , leading 597 up to the nail. There was also a contribution of the diagonal element to the cracks, but it was not 598 taken into consideration in the tests presented here. 599
Pull-out tests are representative of the large vertical uplift observed during the cyclic tests on 600 timber frame infill walls, which led to the rocking response of the walls (Poletti and Vasconcelos 601 2015) . In this case, when the post is in tension, the diagonal does not influence the uplifting. The 602 same out-of-plane opening of the connection observed here occurred in the walls tests, with the 603 plastic deformation of the nails. The retrofitting solutions adopted are suitable to prevent this uplift, 604 and thus have a shear response of the wall, keeping always in mind not to over-stiffen the 605 connection and that the retrofitting has to be compatible with the lateral cyclic movement. Further 606 studies are required in the response of self-tapping screws to horizontal actions, but this solution 607 has the potential to be an easy and cheap intervention that good greatly improve the structural 608 response. 609
Retrofitting with GFRP sheets can be a possibility to improve the behaviour of the bottom 610 connection of the walls under uplift movements. This technique exhibited a good behaviour in 611 terms of resistance, but it is considered that bi-axial sheets should be preferred in order to avoid 612 early debonding. 613
Considering the effect of steel plates on walls and joints, in both cases compressive stresses 614 cause buckling of the plates. Moreover, in tension plastic deformation of the bolts and tensile 615 failure of steel plates in correspondence to the holes was registered. This solution has excellent 616 dissipative capacities, it is easily implemented and relatively cheap, without requiring specialised 617 labour. Further studies should be made in order to take into consideration the action of diagonal 618
